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1 BEST ;{V.^.Lvi.£ COPY 

GLURP-MSP3 FUSION PROTEIN, IMMUNOGENIC COMPOSITIONS AND 
MALARIAL VACCINES CONTAINING IT. 

The present invention relates to the protection against malaria. More 
particularly, the invention pertains to a chimeric molecule comprising at least 
5 one moiety from the Glutamate-rich protein (6LURP) and one second moiety 

from the Merozoite surface protein 3 (MSP3) of Plasmodium falciparum, 
wherein said chimeric molecule is able to induce an immunogenic response 
against both of said antigens (GLURP and MSP3), when it is administrated to 
an appropriate host. The present invention thus also pertains to a vaccine 
10 against malaria, comprising such a molecule. 

Antibodies have been repeatedly shown to play an important role in the 
development of clinical immunity to Plasmodium falciparum malaria. 
Numerous immunological studies now suggest that human antibodies of the 
cytophilic subclasses (IgGI and lgG3) are particularly critical to the state of 

15 premunition. This anti-parasite immunity is a strain-independent, non- 

sterilizing type of Immunity which is acquired after lengthy exposure (15-20 
years) to the parasite. It is commonly observed in Africa and in Papua-New 
Guinea but it has only recently been documented in S-E Asia (Soe. Khin Saw 
et al 2001). Although antibodies can act directly upon merozoite Invasion of 

20 red blood ceils, the most efRcient in vivo mechanism for antibody-mediated 

parasite control in endemic areas requires the participation of monocytes 
(Khusmith and Druiihe 1983), (Lunel and DruiIhe 1989). The antibody* 
dependent cellular inhibition (ADCi) assay mimics this cooperation between 
monocytes and cytophilic parasite-specific antibodies and appears today as 

25 the best in vitro sunrogate marker of acquired immunity against P. falciparum 

blood stages. 

Two molecules have so far been identified as targets of ADCI-effectrve 
human antibodies, namely the 48-kDa Merozoite surface-protein 3, - 



24/10/2003 19:47:45 Envoye par GUTMANN - PLASSERAUD 01 42 66 08 90 Page: 4/4 



hereafter designated as MSP3 - (Oeuvray, Bouharoun-Tayoun et al. 1994) 
and the 220-kDa Glutamate-rich protein, - hereafter designated as GLURP - 
(Theisen. Soe et ai. 1998). It has also been shown that GLURP and MSP3 
can inhibit parasite growth in vivo by passive transfer in P. faiciparum- 
5 humanized SCID mice (Badell, Oeuvray et aL 2000). The association of 

human antibodies against these antigens with ciinical protection is aiso 
indicated by a number of immuno-epidemiological studies, which 
demonstrate that the levels of GLURP and MSP3 specific cytophilic 
antibodies (IgGI and lgG3) are significantly assodated with a i'educ^d risk of 

10 malaria attacks (Dodoo, Theisen et al. 2000; Oeuvray, Theisen et al, 2000; 

Theisen, Dodoo et al. 2001). These studies have further shown that cytophilic 
lgG3 antibodies play a major role in protection against malaria, hence 
bringing epidemiological support to the concept that antibodies against 
GLURP and MSP3 can actively control parasite multiplication in vivo by 

15 cooperation with cells bearing Fey II receptors (Bouharoun-Tayoun, Oeuvray 

et al. 1995). These receptors display higher affinity for the lgG3 subclass 
than for the IgGI subclass (Pleass and Woof 2001). The major B-cell 
epitopes recognized by these human IgG antibodies have been localized to 
conserved sequences in the GLURP^r^ss a^^d MSP3212-257 regions, 

20 respectively (Oeuvray, Bouharoun-Tayoun et al. 1994; Theisen, Soe et al. 

2000; Theisen, Dodoo et al. 2001). Nudeotide-sequencing have 
demonstrated that these important epitopes are highly conserved among a 
number of P. falcipamm laboratory lines and field isolates from Africa and 
Asia (Huber. Felger et al. 1997), (McColl and Anders 1997), (de Strieker, 

25 Vuust et al. 2000). 

In view of the conservation of the epitopes, the inventors have investigated 
whether cytophilic antibodies against GLURP and MSP3 are involved in the 
development of immunity to clinical malaria in an Asian population of 
Myanmar, as they have been reported to be in Africa, i.e., in a different 
30 human and parasite genetic background. Since numerous reports have 
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argued in favour of a direct role of antibodies against the C-terminus of 
MSP1, they also included this molecule in their investigations. Results, 
disclosed In Example 1 below, show that levels of cytophilic Ig63 antibodies 
against conserved regions of MSP3 and GLURP are significantly correlated 
5 with clinical protection against P. falciparum malaria. In contrast, levels of 
non-cytophilic lgG4 antibodies against GLURP increased with the number of 
malaria attacks. Most importantly, there was a complementary effect of the 
MSP3- and GLURP-specific lgG3 antibodies in malaria protection. In those 
individuals not responding to one of the antigens, a strong response to the 
10 other was consistently detected and associated with protection, suggesting 

that the induction of antibodies against both MSP3 and GLURP could be 
important for the development of protective immunity. 

The inventors have produced a chimeric molecule comprising the GLURP25- 
500 and MSP3212-382 regions together as a recombinant hybrid-protein in 
15 LactOQOccus lactis. This hybrid offers the possibility to investigate the vaccine 

potential of both antigens in single immunizations and can potentially 
increase the immunogenicity by combining a wider range of B and T helper 
cell epitopes (Example 2). 

Different regions of these antigens have previously been produced in 
20 Escherichia coli fused to various affinity-tags (McColl, Silva et al. 1994; 

Theisen, Vuust et al. 1995; Theisen, Thomas et al. 2001). Whereas such 
additional sequences are advantageous for purification, they also pose a 
potential problem because host immune responses may be biased by foreign 
sequences. It is therefore desirable to explore expression systems, which 
25 aim to produce the recombinant protein without a vector-encoded affinity-tag. 

L /acf/s^was chosen as expression host because i) it is a well characterized 
industrial microorganism, generally recognized as safe (GRAS), best known 
for its use in the production of fermented dairy products, il) it can be grown in 
a defined synthetic medium, iii) recombinant proteins are secreted into the 
30 culture supematant, from where they can be easily purified, iv) it does not 
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produce toxic substances. In this study, a novel gene expression system has 
been used, which is based on the pH and growth phase regulated promoter, 
P170. from L lac^s (Wamierdam, van de Winkel et al. 1991; Israelsen, 
Madsen et al. 1995; Madsen, Amau et al. 1999). This gene expression 
5 system offers a simple fermentation procedure, which has been developed 

specifically for the P170 promoter. Results obtained by expressing the hybrid 
GLURP-MSP3 in this system tend to support both the value of the vector for 
vaccine development and the potential of the combination of the two parasite 
proteins. The results, disclosed in Example 2 below, show that mic 
10 immunized with the hybrid protein produced higher levels of both GLURP- 

and MSP3-spedfic antibodies than mice immunized with either GLURP, 
MSP3 or a mixture of both. The protective potential of the hybrid protein was 
also demonstrated by in vitro parasite-growth inhibition of mouse anti- 
GLURP-MSP3 IgG antibodies in a monocyte-dependent manner. 

15 Throughout the following text, several temris are employed, the meaning of 

which should be understood according to the following definitions : 

A ""chimeric molecuie" Is a molecule comprising at least two moieties, wherein 
these moieties originate from two different biological molecules. The two 
different biological molecules can be two molecules of the same organism, 

20 even of the same strain. Particular examples of chimeric molecules 

exemplified below are fusion proteins comprising a moiety originating from 
the MSP3 antigen and a moiety originating from the GLURP protein of P. 
falciparum, but the two moieties can also be linked by any other means, 
provided they are linked covalently or by a non-covalent binding. For 

25 example, the two moieties, which can be peptidic moieties, can be both 

linked to a third element, for example a synthetic particle. A fusion protein 1$ 
hence a particular example of chimeric molecule, but a chimeric molecule is 
not necessarily a fusion protein. 
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A "chimeric molecule" is also a composition consisting of an association of 
MSP3 protein and GLURP protein, wherein both proteins can be linked by 
covalent bounds, possibly by means of chemical spacers, but also possibly 
by non-covalent bonds 

5 A •'fusion protein" (also called "hybrid protein", or sometimes merely "hybrid") 

is a protein which comprises at least two moieties originating from different 
polypeptides or proteins. Of course, the two moieties must have a relevant 
size, i.e., they are not restricted to only a few amino acids. In the context of 
the present invention, each moiety is a polypeptide chain which 

10 advantageously comprises at least 20 amino acids and preferably, at least 

50. Such a fusion protein is obtained by fusing the sequences coding for 
each of the peptidic moieties, in the same open reading frame, and having 
the resulting construct expressed. Of course, further elements, such as a 
third moiety coming from a third protein, or such as a linker, can be present in 

15 the fusion protein, in addition to the two moieties mentioned above. 

A "conservative substitution" means, in an amino acid sequence, a 
substitution of one amino acid residue by another one which has similar 
properties having regard to hydrophobicity and/or steric hindrance, so that 
the tertiary structure of the polypeptide is not dramatically changed. For 
20 example, replacing a guanine by an alanine or vice-versa, is a conservative 

substitution. Valine, leucine and isoleucine are also amino acids that can be 
conservatively substituted by each other. Other groups of conservative 
substitution are, without being limitative. (D, E), (K, R), (N, Q), and (F, W, Y). 

Further definitions are provided in the following text, when necessary. 

25 A first object of the present invention Is hence a chimeric molecule 

comprising a GLURP moiety consisting of a polypeptide fragment of at least 
50 (preferably at least 150) amino acids from the GLURP2&.514 fragment of 
SEQ ID No:1, and a MSP3 moiety consisting of a polypeptide fragment of at 
least 50 (pref rably at least 100) amino acids from the MSP3212.380 fragment 
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of SEQ ID No:2, or a variant thereof in whicli 1 to 15 amino acids in any or 
both of said moieties have been deleted, added or changed by oonservativ 
substitution, wherein said fusion protein raises antibodies against both the 
polypeptides of SEQ ID No: 1 and SEQ ID No: 2, in mice immunized with it. 

An example of mouse model that can be Immunized by a chimeric molecul 
to test the antibodies raised by said molecule, is the BALBc/CF1 strain used 
in Example 2. Any other mouse strain can be used for that purpose. The 
animal can be immunized with the chimeric molecule as described . in 
example 2 below. An example of method to determine whetiier antibodies 
have been raised against both the polypeptides of SEQ ID No: 1 and SEQ ID 
No: 2 in said animal, is to collect serum from it and measure the anti-GLURP 
and anti-MSP3 antibody response by ELISA as described below. The result 
will be considered as positive (i.e., antibodies raised against the antigens), if 
the titers of both anti-GLURP and anti-IVISPS antibodies are superior to those 
observed in the sera collected from the same animals prior to their 
immunization plus twice the standard deviation, i.e. : 

ODsample > (ODnonnal serum 2 SD) 

A preferred chimeric molecule according to the present invention is more 
immunogenic than a mixture of the polypeptides of SEQ ID No: 1 and SEQ 
20 ID No: 2. For example, such more immunogenic chimeric molecule raises in 

mice immunized with it highei- levels of anti-MSP3 antibodies than either the 
MSP32i2-3eo fragment of sequence SEQ ID No:2, or a mixture of both the 
GLURP2W14 fragment of SEQ ID No:1 and the MSPSziz mo fragment of 
sequence SEQ ID No:2. 

25 This chimeric molecule can also or altemativety raise in mice immunized with 

it higher or equal levels of anti-GLURP antibodies than either the GLURP25. 
514 fragment of SEQ ID No:1, or a mixture of both the GLURP25.514 fragment 
of SEQ ID No:1 and the MSP32i2^o fragment of sequence SEQ ID No:2. 



10 
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Another property which can be sought in a chimeric molecule of the invention 
is that it raises in mammals immunized with it, IgG antibodies that can inhibit 
parasite growth in vitro in cooperation with human monocytes, as determined 
in an ADCI assay as described below. This can be tested, for example, in 
5 mice. 

Generally, to determine whether a chimeric molecule has e of the properties 
mentioned above, the materials and methods described in Example 2 can be 
used. 

In a particular embodiment of the invention, the chimeric molecule is a fusion 
10 protein. In the following text, reference will be made only to fusion proteins, 

for clarity reasons. However, when there is no technical limitation, the phrase 
''fusion protein" should be understood broadly as "chimeric molecule**. 

In a particular fusion protein according to the invention, the GLURP moiety is 
N-termlnal and the MSP3 moiety is C-terminal. 

15 A fusion protein according to the invention can further comprise a linker 

having one to 50 amino acids between the GLURP and the MSP3 moieties. 
However, this linker will preferably be chosen so that it does not introduce a 
bias in the host immune response, i.e., so that an immune response against 
irrelevant foreign sequences is not significantly induced. This linker is 

20 preferably as short as possible. As mentioned above, chimeric molecules, in 

which the two moieties are linked by a non-peptidic linker, are also 
contemplated according to the present invention. 

A particular fusion protein of the invention is the GLURP27.50(rMSP32i2-380 
protein of SEQ ID No:3. As described in Example 2, mice immunized with 
25 this hybrid protein produced higher levels of both GLURP- and MSP3-specific 

antibodies than mic immunized with either GLURP, MSP3 or a mixture of 
both. The protective potential of the hybrid protein was also demonstrated by 
in vitro parasite-growth inhibition of mouse anti-GLURP-MSP3 IgG antibodies 
in a monocyte-dependent manner. 
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Another aspect of the invention concerns a recombinant nucleotide sequence 
encoding a fusion protein of the invention, as described above. For example, 
the nucleotide sequence of the invention can comprise the sequence of SEQ 
ID No: 4. 

5 In a particular embodiment of the recombinant nucleotide sequence of the 

invention, the sequence encoding the fusion protein is under the control of a 
pH and/or growth phase regulated bacterial promoter which can be, for 
example, the P170 promoter from L lactis. , . , . 

The present invention also pertains to a recombinant cloning and/or 
10 expression vector, comprising a nucleotide sequence as described above. 

In a particular aspect of the invention, the chimeric molecule is bound to a 
support. The invention therefore also relates to the conjugates obtained by 
covalent coupling of the peptides according to the invention to physiologically 
acceptable and non-toxic (natural or synthetic) carrier molecules that enable, 

IS in particular, the immunogenicity to be increased, via complementary reactive 

groups carried, respectively, by the carrier molecule and the peptide. Natural 
proteins such as tetanus toxoTd. ovalbumin, serum albumins, haemocyanins, 
tuberculin PPD (purified protein derivative), and the like may be mentioned 
as possible examples of macromolecular carrier molecules or supports which 

20 participate in the constitution of the conjugates according to the Invention. 

Synthetic macromolecular supports can also be used, like for example, 
polylysines or poly(DL-alanine)-poly(-Lysine)s. 

Hydrocarbon or lipid supports, for example saturated or unsaturated fatty 
acids, and preferably Cie or Cia acids of the oleyl or palmitoleyl type, can 
25 also be coupled to the antigenic peptides or polypeptides according to the 

invention. Conjugates consisting of a polypeptide originating from LSA-5 
covalently linked via a lysine bridge to saturated or unsaturated lipid residues 
hence also form part of the invention, more especially when the lipid residue 
Is a palmitoyi or a palmityl or an oleyl. 
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Lastly and without implied limitation, the molecules according to the invention 
may be coupled to traditional supports or adsorbed on such supports, in 
particular nitrocellulose, latex or polystyrene microspheres or beads, or 
incorporated in Tyl particles. 
5 To synthesize the conjugates according to the invention, use may be mad of 

methods with are known per se, such as the one described by Frantz and 
Robertson In Infect. And Immunity, 33, 193-198 (1981), or the one described 
in Applied and Environmental Microbiology (October 1981). vol. 42, No. 4. 
611-614 by P.E. Kauffman, using the peptide and the appropriate carrier 
10 molecule. 

The present Invention also pertains to an immunogenic composition 
comprising, as an immunogen, a fusion protein as described above.- This 
immunogenic composition can be used, for example, to immunize animals for 
obtaining antibodies, or to immunize humans to protect them, at least 
15 partially, against malaria. 

As described in Example 2, the fusion protein of the invention has 
advantageous immunogenic properties, and therefore can be used for the 
preparation of a vacdne composition against malaria. A vaccine against 
malaria, comprising as an immunogen a fusion protein according to the 
20 present invention, in association with a suitable pharmaceutical vehicle, rs 

hence also part of the invention, as well as a method for vaccinating a 
subject against malaria, comprising administering to said subject a chimeric 
molecule as described above. 

In Example 1, the inventors have shown that there is a complementary effect 
25 of the MSP-3 and GLURP-specrfic lgG3 antibodies in malaria protection. The 

induction of antibodies against both MSP3 and GLURP, or against fragments 
thereof, is hence a possible way towards the development of a protective 
immunity. 
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Other immunogenic compositions and vaccines according to the invention 
are hence characterized In that they comprise, as an immunogen. a mixture 
of GLURP and MSP3 antigens. By "mixture of GLURP and MSP3 antigens", 
is meant that the compositions or vaccines comprise antigens from both 
5 GLURP and MSP3. These can be, for example, the native proteins, or 

antigenic fragments thereof, for example the MSPSb (a.a. 184 to 210) and/or 
MSP3d (a.a. 211 to 251) for MSP3, and the RO GLURP fragment (a.a. 27 to 
600). 

In a particular embodiment of the immunogenic composition or vaccine of ttie 
10 invention, said composition or vaccine further comprises.at least one antigen 

of Plasmodium fatcipanim selected amongst LSA-1 (Guerin-Marchand, 
Druilhe et al. 1987), LSA-3 (Daubersies, Thomas et al. 2000). LSA-5, SALSA 
(Bottius, BenMohamed et al. 1996), STARP (Fidock, Bottius et al. 1994), 
TRAP (Robson, Hall et al. 1988), PfEXPI (Simmons, Woollett et al. 1987), 
15 CS (Dame. Williams et al. 1984), MSP1 (Miller, Roberts et al. 1993), MSP2 

(Thomas. Can- et al. 1990), MSP4 (Marshall, Tieqiao et al. 1998, AF033037), 
MSP5 (Marshall. TIeqIao et al. 1998. AF033037). AMA-1 (Peterson, Marshall 
et al. 1989; Escalante, Grebert et al. 2001), and .SERP (Knapp. Hundt et al. 
1989). 

20 The immunogenic composition or the vaccine according to the present 

invention can be formulated for intradennal or intramuscular injection. In this 
formulation, the composition or vaccine advantageously comprises from 1 to 
100 ^g of immunogen per injection dose, preferably from 2 to SOfig. 

Other elements, such as adjuvants, can be added to the immunogenic 
. 25 composit'on or vaccine of any the invention, Of course, usual adjuvants, s^^ 

as Montanide and/or Alum, can be used therefor. Other possible adjuvants 
that can be used in the immunogenic composition or vaccine of the invention 
are described in EP 1 201 250 Al, such as SB62, SB26, and SBAS2 (As02). 
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The vectors of the invention can be used for the preparation of a medicament 
for genetic immunisation against Plasmodium falciparum. Accordingly, the 
invention also pertains to a DMA vaccine comprising a nucleotide sequence 
as descrilDed above. For example Alternatively, the VR1020 vector (VICAL 
5 ®), mentioned at least in (Kang, Calvo et al. 1998) and in (Valenzuela, 

Belkaid et al. 2001), can be used for obtaining constructs for direct DNA 
immunization. 

A recombinant host cell, which Is transformed (or recombined) by a. vector 
according to the invention. Is also part of the Invention. This cell can be for 
1 0 example a bacterium, a yeast, an Insect cell, or a mammalian cell. 

Another aspect of the invention is a method for producing a recombinant 
protein, comprising a step of culture of a L. lactis bacterium containing an 
expression vector comprising the coding sequence of said protein, under the 
control of a pH and/or growth phase regulated bacterial promoter, for 

15 example the P170 promoter from /_ lactis, followed by a step of removal of 

the bacterial cells from the culture supernatant. This method has been 
successfully performed with the pKBR1 1 plasmid, as described in Example 2 
below. This method can advantageously be perfomried with an htA mutant 
strain, In order to avoid degradation products of the recombinant protein to be 

20 produced. 

As shown in Example 3. passive transfer of anti-GLURP or anti-MSP3 
antibodies in an Immuno-compromised mouse model can clear the P. 
falciparum parasitemia. The present invention hence also pertains to the use 
of purified and/or recombinant anti-MSP3 and anti-GLURP antibodies or 
25 fragments thereof, for the .preparation, of a medicament against malaria A. 

medicament for passive immunotherapy of malaria, comprising purified 
and/or recombinant antibodies against MSP-3 and GLURP, or fragments 
thereof, is also part of the present invention. Preferred antibodies (or 
fragments) according to the invention are human or humanized antibodies. 
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The purified antibodies can be obtained by any method Icnown by the sicilled 
artisan, from human or animal sera, by affinity-purification against the whol 
proteins or fragments thereof, etc. The recombinant antibodies or fragments 
of antibodies can be produced for example in Lemna, as well as in maiz , 
5 tobacco, CHO cells, and the like. When produced in CHO cells, they can be 
obtained for example by using the method described in WO 03/016354. A 
mixture of two or more monoclonal antibodies, with at least one recognizing 
MSP3 and the other recognizing GI-URP, can also be used for the 
preparation of a medicament for passive immunotherapy of malaria. 

10 A method for lowering the parasitemia in a malarial patient, or for protecting 

against or treating Plasmodium fylcipanim in a subject presenting malarial 
symptoms, or likely to be infected by malaria, is also provided. Such a 
method consists in administering to said subject a medicament comprising 
purified anti-MSP3 and anti-GLURP antibodies. 

15 

Further aspects and details concerning the present invention will appear in 
the following experimental examples, which are illustrated by the figures. 



20 BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 : A. Pattern of IgGS antibody responses against each of tiie 
antigens in the 30 protected individuals of OoDo (means and standard errors 
of the ratios of IgGS-specific responses). B. Pattern of IgGS responses in 7 
protected OoDo inhabitants with low lgG3 anti-MSP3 response (low lgG3 cut 
25 off values were defined as those under the lower 95% confidence interval 

limits of the mean, ie.anti-MSP3b lgG3 ratios <2.30). C Pattern of lgG3 
responses in 15 protected OoDo inhabitants with low lgG3 anti-RO response 
(low lgG3 cut off values were defined as those under the lower 95% 
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confidence interval limits of the mean lgG3 ratios, ie. lgG3 ratios of anti- 
GLURP RO <1.38). D. Changes at 5 years interval in 7 protected individuals 
with high igG3 MSP3 responses in 1998. E. Changes at 5 years interval in 6 
protected individuals with high igG3 anti-GLURP RO responses in 1998. 

5 Figure 2 : Schematic representation pf pPSM1013 and pAMJ328 and the 

expression constructs used in L. lactis. The position of vector encod d 
restriction sites mentioned in the text, promoter PI 70, Shine-Dalgamo 
sequence (SD), and 310mut2 signal peptide are indicated. The signal 
peptidase is predicted to cleave between amino acid no. 32 and 33, thus 
10 leaving Ala-Glu residues in the N-temiinal end of the mature recombinant 

proteins. The nucleotide numt>ering of glurp and MSP3 was relative to A in 
the ATG codon of M59706 and L07944. respectively. 

Figure 3 : Purification and sequence verification of the GLURP-MSP3 hybrid 
protein. (A) Coomassie blue-stained 12.5% polyacrylamide gel of purified 

15 GLURP-MSP3 fusion protein in peak 2 (lane 1), and pealc 1 (lane 2), from the 

final Phenyl Sepharose High Perfomnance column. The sizes' (in kilodattons) 
of the molecular mass markers are indicated. (B) List of tryptic peptides that 
match the GLURP-I\ASP3 hybrid protein. Amino add reskJues ar 
represented using the single letter codes and numbered according their 

20 positions in the deduced hybrid proton sequence. The molecular mass of 

peak 1 was 67688 Da (± 70 Da) as determined by MALDI MS. (C) HPLC 
analysis on a C4 column of the GLURP-MSP3 hybrid protein and GLURP25. 
514. respectively. (D) Coomassie blue-stained 12.5% polyacrylamide gel of 
purified GLURP-MSP3 fusion protein (lane 1), GLURPa^^u (lane 2), and 

25 MSP3212-380 (lane 3) produced in L. lactis MG1363. The equivalent of 250 [i\ 

of culture supernatant was added to each well. The sizes (in kilodaltons) of 
the molecular mass markers are Indicated. 

Figure 4 : Patterns of IgG antibody responses to pairs of GLURP and MSP3 
derived antigens in 71 plasma samples from adult Liberians clinically immune 
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to malaria. The coefficient of correlation and P value are provided in each 
panel. 

Figure 5 : Antibody responses In mice. Groups of 10 mice were immunized 
with the hybrid (gr7), a mixture of GLURP and MSP3 in one syringe (grS), or 
5 with GLURP and MSP3 in separate syringes at different sites (grS). (A) Day 

35 plasma samples were tested for antibody reactivity on ELISA plates 
coated with GLURP25.514 or MSP3212-3- Box plots show medians, 25*, and 
75'" percentiles and whiskers show the range of the data. (B) Cumulative 
responses of mouse sera with 8 peptides representing GLURP B-cell 
10 epitopes (Theisen, Soe et al. 2000) and (C) isotype response of mice for : 

which resulte are presented in panel A. Each vertical bar represents the 
mean absorbance (±SEM) in GLURP- and MSP3^specific ELISAs. 

Figure 6 : file hybrid contains only GLURP and MSP3 derived B-cell epitopes. A 
pool of plasma from mice Immunized with the hybrid was pre-incubated with 
15 GLURP, MSP3. a mixture of GLURP and MSP3 or the hybrid at the indicated 

concentrations before being added to ELISA coated with the hybrid. Prior 
incubation with a mixture of GLURP and MSP3 or the hybrid completely Inhibited 
Ig antibody binding to the hybrid. 

Figure 7 : Immunoblot analysis of P. falciparum NF54. A whole cell extract 
20 was separated on a 7.5% polyacrylamide gel and subjected to 
immunoblotting with plasma from mice Immunized with GLURP25.514 (lane 1), 
MSP3212.380 (lane 2) and GLURP-MSP3 hybrid (lane 3). The sizes (in 
kilodaltons) of the molecular mass markers are indicated. 

Figure 8 : Course of parasitemia in P.f.-HuRBC-BXN injected with human 
25 ~ monocytes and treated with human IgG pun'fied againsf the F^/cirp 
antigens EBA-175 and MSP3b. 
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Figure 9 : Course of parasitemia in P.f.-HuRBC-BXN injected with human 
monocytes and treated with human IgG purified against the P falciparum 
antigens MSP2 and MSP3-b. 

Figure 10 : Course of parasitemia in P.f.-HuRBC-BXN injected with human 
5 monocytes and treated with human IgG purified against the P falciparum 

antigen MSP1. 

Figure 11 : Course of parasitemia in P.f.-HuRBC-BXN injected with human 
monocytes and treated with human IgG purified against the P falciparum 
antigens GLURP and GLURP RO. 

10 Figure 12 : Course of parasitemia in P.f.-HuRBC-BXN injected with human 

monocytes and treated with human IgG purified against the P falciparum 
antigen MSP3-d. 

Figure 13 : Course of parasitemia in P.f.-HuRBC-BXN injected with human 
monocytes and treated with human IgG purified against the P falciparum 
15 antigen AMA-1. 

EXAMPLES 

Example 1 : complenBentaritv between responses to MSP3 and GLURP 
shown in a longitudinal clinical and paraeitoloaical foiiow-up study 

20 1 .A. MATERIALS AND METHODS 

I.A.I. Study area, population and clinical surveillance 

OoDo village is a re-settted forested region of Myanmar-with a 

tropical climate characterized by hot dry, monsoon and cool dry seasons. In 
this area, malaria was found to be stable and hyper-endemIc with seasonal 
25 variation, the majority of infections were due to Plasmodium falciparum (98%) 

and Plasmodium vivax was responsible for the remaining 2%. A malaria 



24/10/2003 19:47:48 Envoye par GUTMANN - PLASSERAUD 01 42 66 08 90 



Page: 18/ 



16 



attack was defined according to 4 concomitant criteria: i)- corrected axillary 
temperature & 38.0*'C, ii)- absence of other clinical diseases, iii)- presence of 
asexual P. falciparum forms in tliick-films, and fv)- clinical and parasitoiogical 
improvement after chloroqulne treatment Two febrile attacks were regarded 
5 as two different malaria episodes if they were separated by &72 h. The 

results of the first 33 months of follow-up have recently been published (Soe, 
Khin Saw et al. 2001). The same study population was followed-up for one 
additional year, up to 31^ December 1998, using the same protocol. Venous 
blood samples were drawn during September 1998, and malarial attack rates 
10 recorded from January 1** to December 31*' 1998 were used to analyze the 

relationship with clinical protection. 

I.A.2. Blood sampling and parasitoiogical study 

Surveillance of malarial infection was carried out by systematic 
monthly examination of thick and tiiin blood films from finger-prick. A slide 
was regarded as negative if no parasite was visualized in 200 oil-fields In 
Giemsa stained thick film. For febrile cases two finger-prick films before and 
after chloroqulne treatment were examined. Venous samples were collected 
In vacutainers, sera allquoted aseptically, and stored at -20°C until tested. 
Samples taken from a representative subgroup of 116 villagers from whom 
more than 60% of the monthly blood films were available for parasitoiogical 
data were selected from the larger cohort of 292 residents. 

1^.3. Antigens 

The three recombinant GLURP antigens were derived from the N- 
terminal non-repeat region RO (GLURP27-500), the central repeat region R1 
25 - (GLURp489.7bs). and the Otemninal repeat region R2 (GLURP7(».ii7a) of R. " 
falciparum F32 (Oeuvray, Theisen et al. 2000). The C-tenmlnal 19-kDa 
fragment of MSP1, MSPI19. from the Wellcome strain (MSP1-W-19) was 
produced as a recombinant GST-ftision protein in Escherichia coil and was a 
kind gift from Dr. A. Holder. UK. The GST-tag was removed by enzymatic 



15 
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cleavage and subsequent affinity chromatography before use. The MSP3b 
synthetic peptide (184-AKEASSYDYiLGWEFGGGVPEHKKEEN.210, SEQ 
ID No:5} contained the MSP3b B-oell epitope which reacts with ADCI- 
effective human antibodies (Oeuvray, Bouharoun-Tayoun et ai. 1994). 

5 1 .A.4. Antibody Assays 

The levels of antibodies to the three P. fa/c/pam/n-derived antigens 
were measured by enzyme-linked immunosorbent assay (ELISA) as 
previously described (Oeuvray, Theisen et aL 2000). Briefly/ micrbtiter plates 
(Maxisorb, Nunc, Denmark) were coated overnight at 4^*0 with recombinant 
10 proteins or synthetic peptide at the following concentrations: 0.5|jg/ml (RO 

and R2), 1 pg/ml (R1 and MSP1) and 5 pg/ml (MSP3b). For GLURP antigens 
0.05 M Na2C03, pH 9.6 and for MSP1 and MSP3 phosphate buffered saline 
<PBS) pH 7 A were used as coating buffers. The next day the plates were 
washed with PBS plus 0.05% Tween 20 (PBST) and blocked with 2.5% non- 
15 fat milk in PBS for 2 h. Sera diluted in PBST containing 1.25 % (w/v) non-fat 
milk, were added to duplicate wells and incubated for 1 h at room 
temperature. Various dilutions of sera were made for each antigen: 1:200 for 
GLURP, 1:100 for MSP1 and 1:20 for MSP3. These dilutions were selected 
after preliminary pilot studies, which revealed more than a 10-fold difference 
20 between control and test samples. Bound antibody was detected by 
peroxidase-conjugated goat anti-human immunoglobulin (Caltag 
Laboratories), diluted 1:3000. Color was revealed by O-phenylenediamine 
(Sigma, St, Louis, Mo.) and H2O2 in citrate buffer pH 5 for 30 min. The optical 
density (OD) at 492 nm was determined in a plate reader (Titertek Multiskan 
25 MCC 1340). The plates were washed extensively with PBST between each 
incubation stiBp.' Air ELiSA tests included 6 control sfera; randbmly selected 
among 100 French blood donors never exposed to malaria. 

For subclasses determination of lgG1-4, monoclonal mouse anti- 
human subclasses (clones NL16=lgG1 (Boehringertg)), HP6.002=lgG2 
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(Sigma®), Zg4=lgG3, and RJ4=lgG4 (both from Immunotech®)) were used. 
They were diluted 1:2,000, 1:10,000, 1:10,000, and 1:1,000, respectively in 
1.25% (w/v) non-fat milk In PBST and incubated for 1 h at room temperature. 
Goat anti-mouse IgG conjugated to peroxidase (Caltag Laboratories®), 
5 diluted 1:3000 In 1.25% (w/v) non-fat milk in PBST was added and Incubated 

for 1 h( Bound labeled antibody was revealed as described above. The 
dilutions of each isotype-specific monoclonal antibody (MAb) had been 
determined previously as those discriminating between human Ig sub- 
classes, I.e. yielding no cross-reactions between subclasses (Oeuvray^ 
10 Theisen et al. 2000). The results for total IgG as well as subclass antibody 

levels were expressed as ratios of antibody response which were calculated 
by dividing the mean OD of test with the mean plus 3 SD of the 6 nomial 
controls run simultaneously. A sample with a ratio of ^1 was considered 
positive. 

15 1 .A.5. Statistical analysis 

The Mann-WhItney U4est and Spearman's rank-order correlation 
coefficient were used for the calculations of P-values. The association 
between the risk of malaria attack during 1998 and the levels of antibodies 
(expressed in ratios) were tested with JMP® software, using either a Poisson 
20 regression model where the effect of confounding factors such as age, 

gender, time spent in the village and transmission were controlled or a 
logistic regression analysis (with or without occun-ence of malaria attack). 

I.B. RESULTS 

1.B.I. P. falciparum infections in the study cohort 

25 All 116 subjects in the study cohort were from OoDo village 

situated in Myanmar, South-East Asia, where malaria is hyper-endemic (Soe, 
Khrn Saw et al. 2001). The prevalence of P. falciparum parasitemia fluctuated 
around 40% from January to July and dropped to around 20% from August to 
December In 1998. The incidence of clinical malaria, which was calculated as 



24/10/2003 19:47:48 Envoye par GUTMANN - PLASSERAUD 01 42 66 08 90 Page: 21/ 



19 



the average number of attacks per month in the study cohort and expressed 
in percentage varied considerably over the year, peal<ing in June. The 
infective inoculation rate has not been determined for OoDo, however, Tun- 
Lin, W et al (Tun-Lin, Thu et al. 1995) found 13.7 infective bites per person 
5 per year in a village, which is located 15 km East of OoDo village. The finding 

agrees well with an estimated number of 11 infective bites per person per 
year as calculated by the method of (Beier, Killeen et al. 1999). Most 
infections (98 %) were due to P. falcipBrum (Soe, Khin Saw et al. 2001). 
During the •12-month period of continuous clinical surveillance, 86 (74%) of 
10 the 116 villagers had at least one malaria attack as defined in the Material 

and Method section and these individuals were considered to be susceptible 
to malaria. During the same 12-month period, 30 (26%) of the villagers had 
no episode of clinical malaria, and these individuals were regarded as 
clinically protected. 

15 I.B.2. Antibody recognition of P. fa/c/pamm-derived IMSPS, GLURP, and 

MSP1 antigens 

Levels of IgG, and IgG subclasses against the MSP3bi84-210 
peptide (MSP3b) and the four recombinant proteins representing the 
GLURP27.500 (RO). GLURP489.705(R1), GLURP705-1179(R2), and MSP1-19-kDa 

20 C-temninal regions were determined in the 116 sera collected during 

September 1998. R2 was the most frequently recognized antigen by IgG 
antibodies (67.2%) followed by R1. MSP3b and MSP1 (all at 62%), and RO 
(58.6%). The highest OD values were obtained against RO and R2, whereas 
MSP3b yielded tower OD values. Levels of IgG against all three GLURP 

25 regions and MSP1 were significantly associated with age (Spearman's rank- 

oitler con-elation obefficient. R=0.51 , 0.26, 0.41 , and 0.43 for RO, R1 ; R2, and 
MSP1. respectively. P<0.05) while the IgG response against MSP3 was 
independent of age (R= 0.16, P=0.17). As for the subclass responses, IgGI 
and lgG4 against MSP1. lgG2 against MSP3, IgGI and lgG3 against RO, 

30 lgG2 and IgGS against R1 and lgG4 against R2, were found significantly 
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associated with age (Table 1). Neither level nor prevalence of positive 
antibody response varied virith gender for any of the antigens tested. 



Antigens 


IgG Subclasses 


P 


R 


MSP1 


lgG1 


0.0002 


0.344 


lflG4 


0.0009 


0.309 


MSP3 


l<3G2 


0.0090 


0.242 


GLURP antigens 


RO 


lgG1 


0.0220 


0.213 


lflG3 


0.0040 


0.268 


R1 


lgG2 


0.0040 


0.268 


lgG3 


0.0008 


0.313, 


R2 


lgG4 


0.0140 


0.231 



Table 1. Relationship between age and the level of subclass antibody responses to 
each of the antigens studied. P and R-values were calculated by the Sperman's 
5 Ranl( correlation Coefficient. 

I.B.3. Antibody responses and clinical protection . 

A striking difference between IgG subclass responses and 
protection was observed for the three different antigens (Table 2). For 
example, the IgG response against the C-terminal 19-kDa fragment of MSP1 

10 was almost exclusively of the igOl subclass with a median value 8.6 times 

higher in the protected than in the susceptible group whereas, igG3 
antibodies predominated against the MSP3b epitope in protected individuals 
with a median value 6.5 times higher than that found in susceptible 
individuals. Although less pronounced, a similar dissimilarity in the cytophilic 

15 IgG subclasses response was also observed for different regions of GLURP, 

lgG1 antibodies predominating against the non-repeat RO-region and IgG3 
antibodies prevailing against the R2 repeat-region. 
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Antigen 


IgG 

Subclass 


Protected 
group (n=30) 


Susceptible 
group (n-86) 


P 

values 


Fold 

difference 


MSP1 


IgGI 


9.5 (0.8-25.03) 


1.1 (0.5-8.22) 


.003 # 


8.6 


l9G2 


0.9 (0.8-1.26) 


0.9(0.8-1.09) 


>.05 




lgG3 


0.9 (0.1-2.63) 


0.4 (0.0-0.81) 


>.05 




lgG4 


1.2(0,8-3.01) 


1.0(0.7-1.47) 


.01 




MSP3 


IgGI 


1.4(0.8-2.4) 


0.7 (0.4-7.0) 


<.001* 


2.0 


igG2 


1.1 (0.9-1.57) 


0.8(0.7-1.0) 


>.05 




lgG3 


6.5 (2.5-14.03) 


1.0(0.6-1.49) 


<001* 


6.5 


igG4 


1.3 (1.0-1.82) 


1.0(0.9-1.35) 


<.oor 


1.3 


RO 


IgGI 


3.9 (2.4-7.62) 


1.8(1.0-3.15) 


<.oor . 


2.2 


igG2 


0.9 (0.4-2.5) 


0.8(0.4-1.33) 


>.05 




igG3 


1.3 (0.6-3.76) 


0.9(0.3-1.44) ^ 


.019 




igG4 


0.2 (0.2-2.05) 


0.6(0.2-1.07) 


>.05 




R1 


igGi 


0.3 (0.1-0.9) 


0.2 (0.1-0.4) 


>.05 




lgG2 


0.9 (0.4-1.64) 


0.6 (0.4-0.91) 


>.05 




igG3 


1.2 (0.4-2.64) 


0.5(0.2-0.91) 


.039 




igG4 


f 0.2 (0.2-0.52) 


0.7 (0.2-0.94) 


.021 




R2 


IgGI 


2.0 (0.9-5.4) 


1.1 (0.3-3.11) 


.01 




igG2 


2.0 (1.0-4.02) 


0.9(0.2-1.73) 


<001* 


2.2 


lgG3 


6.4 (1.7-12.01) 


0.9 (0.3-2.83) 


<.001* 


7.1 


igG4 


1.0 (0-6-1.2) 


0.6 (0.4-0.85) 


.003 





Table 2. Median levels (and interquartile range) of IgG subclass antibodies to 
MSP1, MSP3 and GLURP antigens found In villagers from OoDo considered as 
either protected from, or susceptible to, P. falciparum malaria attacks over 1 year of 
active and continuous follow-up. Given the number of statistical tests carried out, the 
Bonferroni's conection factor was applied to determine the level of significance and 
only P values < .0025 were considered significant (*). P values were detennined 
from the non-parametric Mann-Whitney U-test. Fold difference refers to the ratio of 
median values from the two groups. # Values marginally different. 

Since the antibody titers against GLURP and MSP1 increased as a 
function of age, the correlation of clinical status of the villagers with various 
antibodies was reexamined in a logistic^regresslon model considering age 
and all the antibody responses (fog transfonned) as explanatory variables. 
When testing these parameters in the model and in particular when age was 
controlled for, among all antibody responses, the strongest predictors of 
malaria protection identified were increased levels of lgG3 against MSP3b (F 
ratio== 67.5; P < 0.0001) and against GLURP-RO (F ratio = 23.1; P< 0.0001). 
Other antibodies were not significantly associated with protection. In contrast, 
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the analysis indicated tiiat levels of lgG4 against RO (F ratio = 4.4; P = 0.038) 
and R1 (F ratio = 3.9; P = 0.051) increased with the number of malaria 
attacks, i.e. they were to some extent predictive of susceptibility to malaria. 

1.B.4. Antigen specificity of lgG3 responses in protected villagers 

5 Figure 1A shows the general pattern of lgG3 antibody responses 

found against the different blood stage antigens in OoDo. The range of 
values was large for most antigen-specific antibody responses and this 
suggested that different subgroups of "responders" might exist. Sera of 
villagers who were protected from clinical malaria did not all show high lgG3 

10 values against both MSP3b and GLURP~RO. Some individuals displayed an 

unexpectedly low lgG3 reactivity against either one of these 2 antigens. In an 
attempt to understand how these villagei^ were protected against malaria 
attacks, two sub-groups were kJentified. characterized by : a)- low lgG3 
responses against MSP3 (7 out of 30 cases) or b)- low lgG3 responses 

15 against RO (15 out of 30 cases). The levels of lgG3 antibodies against the 

other three antigens were estimated (Fig. 1B). The 7 protected indivkJuals 
(mean age ± Istd emor = 33.9 ± 7.0 years) with a low lgG3 response to 
MSP3b (lgG3 ratio= 1.26 ± .22) were found to have a strong lgG3 response 
to RO (lgG3 ratio= 9.09 ± 3.41) and to R2 (lgG3 ratio= 8.36 ± 5.86). In the 2"** 

20 subgroup of 15 other individuals (24.7 ± 4.3 years of age) also protected 

despite a low lgG3 response to GLURP-RO (lgG3 ratio = 0.55 ± .08), the 
reverse situation was found (Figure 1C ) ; a high lgG3 antibody response 
against MSP3b was observed (lgG3 ratio= 10.45 ± 2.07) and to a lesser 
extent against GLURP-R2 (lgG3 ratio=4.43 ± .80). The titers for those 

25 responding to only one antigen tended to be higher than those responding to 

both antigens (Table 2). The number of years sp6nt in' OdDb village did riot 
significantly differ between the groups of low-responders to MSP3 (20.43 ± 
4.70 years of residence) and RO (18.7 ± 10.6 years of resWence). 
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Sera from 13 of the 30 individuats considered as protected in 1998 
had also been sampied in 1993, and therefore were used to compare at 5 
years interval the relative levels of anti-MSP3 and antl-RO IgGI and lgG3 
antit)odies. As shown In Fig 1D and IE, there was no major change 
5 detecteble in the levels of specific IgGI against the two antigens. In contrast, 

levels of lgG3 antibodies to both MSP3 and GLURP increased from 1993 to 
1998. In the subgroup of 7 individuals with elevated igG3 against MSP3 in 
1998 (Fig ID), the difference corresponded to a 1.67 times increase (P^.11). 
In the subgroup of 6 subjects with elevated lgG3 against RO in 1 998 (Fig 1 E), 

10 the difference con-esponded to a more important, ie. 3.93 times increase 

CP=,05). The 6 individuals with high lgG3 responses against MSP3 In 1998 
also had high titers 5 years earlier, suggesting that they were already 
protected via a sustained anti-h/l$P3 lgG3 response in 1993, when they were 
18,2±9.8 years of age. In contrast, for GLURP the 7 Individuals with a strong 

15 anti-RO lgG3 response detectable in 1998 had substantially lower anti-RO 

lgG3 responses 5 years earlier (^^0.01 57), when they were 23.7±6.9 years 
of age. Thus, there was a drastic change in those 7 individuals protected via 
lgG3 to RO in 1998 and their protection 5 years earlier was possibly related 
to lgG3 against MSP3. 

20 I.e. DISCUSSION 

The present study is the first one to show an association between 
antigen-specific antibody responses and protection from clinical malaria in S- 
E Asia. The prevalence of positive antit)ody responses against GLURP and 
MSP3 was high in OoDo, ranging from 58.6 % (RO) to 67.2% (R2). This 

25 observation is in-keeping with the finding that B-cell epitopes within GLURP 

and MSP3 are highly consented among P. falciparum tatiot^tor^ lines" and 
field isolates from Africa and Asia (Huber, Felger et al. 1997),(McColl and 
Anders 1997; de Strieker, Vuust et al. 2000). The prevalence of antibodies to 
MSP1-W-19 was also high, being almost twice the values found in the 

30 Gambia and Siena Leone (Egan, Morris et al. 1996) and in Ghana (Dodoo, 
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■ Theander et al. 1999) suggesting that strains related to the Wellcome strain 
might be prevalent in OoDo. 

The highest ELISA-titers were found against the recombinant 
GLURP RO- and R2-region$ and MSP1. The differences in GLURP-RO. -R1, 
5 -R2 and MSP1 ELISA-titers very likely reflected differences in serum 

antibody reactivity. In contrast, the MSP3-ELISA gave comparatively lower 
signals, however this discreparK;y might be at least in part, related to the use 
of a short synthetic peptide defining a single or limited nurnt>er of epitopes, as 
compared to recombinant proteins in the case of GLURP and MSP1 which 
10 are known to define several epitopes (Theisen, Soe et al. 2000). 

Levels of IgG against all GLURP regions and MSP1 were 
significantly associated with age (P<0.05) while in contrast to this situation, 
the IgG response against MSP3 was found independent of age. Regarding 
IgG subclass responses, several of them were also found significantly 
15 associated with age and these variations could reflect the duration of 

exposure to the malaria parasites as well as the gradual maturation of th 
immune system over time. 

There was a statistically significant increase in the levels of lgG3 
against RO and MSP3 among the protected individuals living in OoDo as 

20 compared to the non-protected ones. These results are in agreement with 
those of Dodoo et al. (Dodoo, Theisen et al. 2000), who found that cytophllic 
antibody responses against RO and R2 were strong predictors of protection in 
Ghanaian children, and those of Oeuvray et al., who found a consistent 
correlation between protection and elevated IgGS against both GLURP-RO 

25 and R2 in Dielmo, West Africa (Oeuvray, Theisen et al. 2000). Similarly 

MSP3-specific IgGS responses have previously been associated with 
protection against clinical malaria in Dielmo. Altogether, these results 
suggest that the same subclass of IgG response to the same critical epitopes 
are involved in the gradual development of protection against P. falciparum 
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malaria in African as well as In Asian populations living in malaria endemic 
areas. In addition, the present study found a significant negative correlation 
between the levels of non-cytophilic antibodies against RO and R1 and 
clinical protection. Therefore, on the one hand, there is a positive association 
5 between cytophllic igG subclass responses and protection and on the other 

hand, a negative association between non-cytophilic subclass responses with 
the same epitope specificity and protection. This epidemiological result is in 
agreement with the in vitro observation that non-cytophilic antibodies can 
inhibit the bridging of merozoites and human monocytes by cytophilic 
10 antibodies against the same antigenic target and thereby reduce the ability of 

the latter to control parasite multiplication by the ADCI mechanism 
(Bouharoun-Tayoun and Druilhe 1992). 

Whereas most of the protected residents of OoDo had high lgG3 
responses against both MSP3 and GLURP, a number of individuals with low 

15 or almost no lgG3 responses against either one of these antigens also 

appeared to be protected. The inventors found that all the protected 
individuals with low GLURP-RO specific lgG3 response had significantly 
elevated levels of spedfic antl-MSP3 lgG3 antibodies, and. vice versa. This 
observation suggests that antibodies against GLURP and MSP3 may act In a 

20 complementary manner to control parasite muKipiication in immune 

individuals. This is relevant in consideration of the role of these antibodies in 
ADCI mechanism. Indeed, only the simultaneous assessment of several 
antigens disclosed tills complementary effect. This finding is in favor of 
testing simultaneously several antigens for complementary as for possible 

25 antagonistic effects that could have consequences on the design of 

combined vaccines. 

In conclusion, the present study shows that (1)- the critical 
epitopes in the MSP3 and GLURP antigens which are most conserved, are 
targets of protective antibodies in geographically distant endemic areas of the 
30 wortd. (2)- lgG3 antibodies to MSP3 and GLURP-RO are the strongest 
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predictors of protection from dinical malaria in an African and also an Asian 
setting. (3)- To reach a state of premunition in Asia as well as in Africa, it is 
needed to produce a cytophilic subclass of antibody against critical antigens 
(namely, IMSP3b and GLURP which both induce antibodies active in ADCI). 
(4)- There appears to be a complementation effect between these two 
antigens. IgGS responses might have similar effects against the risk of 
malarial attacks, provided they are present against one antigen when 
responses to the other are low or almost absent. (5) - The responses to 
different B cell epitopes on a given antigen appear to evolve independently 
and the level of recognition can change over time. 

The complementarity of responses observed to the two main 
targets of ADCI Identified to date provide the first rational basis for combining 
these two antigens in a hybrid vaccine formulation. Moreover, 
immunogenicity studies perfomied in pre-clinical animal models with the 
hybrid vaccine lend further support to this antigen combination by showing 
Improved immunogenicity with well-balanoed, equilibrated responses to each 
molecule (example 2). 

Example 2 : A Plasmodium falciparum GLURP-MSP3 chimeric protain: 
expression in L^ctococcus lactis. immunogenicity and induction of 
20 bioloqicaliv active antibodies 

2.A. MATERIALS AND METHODS 

2.A.I. Bacterial strains, plasmids and growth conditions 

E. coli DH10B (K-12, F mcrA Aimir-li$dRl\/IS-mcieC} ^OdlacZ Am15 
MbcX74 deoRrecAl endA1 araD139 A(ara. Iea)7697 galU galK X rpsL 
25 nupG) (Life Technologies®) containing the indicated plasmids was grown in 

Luria broth (LB) supplemented with erythromycin (200 pg/ml). L lactis 
MG1363 (Gasson 1983) containing the indicated plasmids was grown In 
either M17 broth (Difco Ltd.®) with 0.5 % (wt^^ol) glucose or an enhanced 
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synthetic amino acid (SA) medium named 3 x SA >V medium supplement d 
with 1 \ig/m\ of erythromycin. Solidified LB or M17 media vras supplemented 
with 200 or 1 pg/ml of erythromycin, respectively. The vector, pPSM101 3 (Fig 
2), is a high-copy number expression plasmid based on the pAMpi replioon 
S (Simon and Chopin 1988) containing unique restriction sites allowing the 

construction of in-frame fusions vjixh an optimized secretion signal-peptide 
sequence, SP310mut2 (Ravn, P., Amau, J., Madsen, S.M., Vrang, A., and 
Israelsen, H. unpublished). The mRNA for the peptide Is translated from a 
plasmid-encoded translatlonal start site and transcribed from the pH and 

10 growth phase inducible L lactis promoter, P170 (Israelsen. Madsen et al. 

1995; Madsen, Arnau et ai. 1999). There is essentially no transcription from 
the P170 promoter at pH values of 7 or more. Hdwever, the transcription, is 
induced in the transition to stationary phase at pH values below 6.5. Plasmid 
pAMJ328 is derived from pPSM1013 by deleting all lacZ regulatory 

15 sequences to avoid transcription fnjm the fac promoter and by creating a n w 
cloning region devoid of the signal peptide. 

2.A.2. Construction of plasmids expressing GLURP and MSP3 in L. 
lactis 

All plasmids were constructed in E. coli DH10B and transformed into L iactis 
20 MG1363 by electroporation as described (Holo and Nes 1995). All plasmid 

constructions were verified by DNA sequencing. 

plMST73. The non-repeat region of FVO glurp was amplified with the primers 
5' -CCC AGA TCT A CA AGT GAG AAT AGA AAT AAA C (nucleotides 79 to 
100, counting from A In the ATG start codon of the sequence of GenBank 

25 accession number M69706) and 5' -CCC AGA TCT T GC TTC ATG CTC Gr>T 

TTT TT CCG AT (nucleotides 1476 to 1500 of the sequence of GenBank 
accession number M59706); digested with BglW, and the resulting DNA 
fragment was cloned into BglW digested pPSM1013. 
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pKBRS. pMST73 plasmid was digested with BamH\ and Sa/I, and the 
resulting DNA fragment containing the glurp Insert yf/as cloned into 8amHI- 
Sa/I digested pAMJ328. 

pKBR7. The non-repeat region of F32 glurp was amplified with the primers 
5 5' -AAG TAG ATC TA G TAA TAG AAG TGA GAA TAG AAA TAA AC 

(nucleotides 73 to 100). and 5' -GTT GAG ATC TT T ATT CAT GAT GGC CTT 
CTA GC (nucleotides 1519 to 1542); the resulting DNA fragment digested 
with Bgl\\ and cloned into BgA\ digested pPSM1013. 

pKBR8. Plasmid pKBR7 was digested with BamHI and Sa/I, and the glurp 
10 insert was cloned into BamHUSal\ digested pAMJ328. 

pKBR9. The C-temiinal region of F32 MSP3 was amplified with the primers 
S'-CC C AGATCTA AA GCA AAA GAA GCT TCT AGT TAT (nucleotides 628 
to 651) and 5'-ATT AGA TCT CAT TTA ATG ATT TTT AAA ATA TTT GGA 
TA, (nucleotides 1118 to 1140, counting from A in the ATG start codon of 
15 L07944); the resulting DNA fragment was digested with fig/ll and cloned into 

Bgn\ digested pPSM1013. This MSP3 region is identical to that of the FC27 
allele (Genbank accession number L07944) except for the following residues 
at variable positions in MSP3: 735 (T C) and 948 (A G). 

pKBRlO. Plasmid pKBR9 was digested with BamHi and Sa/I, and the MSP3 
20 insert was cloned into BamHl-Sall digested pAMJ328. 

pKBRII. The 8g/ll-fragment of pKBR9 was cloned into pKBRS digested 
partially with 8g/ll yielding an in fi'ame fusion between glurp79.-iSQo and 
/lfSP3628.ii4o. This hybrid molecule corresponds to the F32 allele except for 
. the following residues at variable positions in GLURP: Leu-SO, Asn-53, Glu- 
25 65. Asp-129. Glu-224, Pro-500. 

2.A.3. Ferm ntati n. 
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Fermentation of L lactis MG1363, containing plasmid pKBR8 (GLURP), 
pKBRIO (MSP3) or pKBR1 1 (GLURP-MSP3 hybrid), was canried out in 1 L of 
3xSA IV-media supplemented with erythromycin (1 pg/ml), yeast-extract 
(0.5%) and glucose (1.5%) In 2 L fermentors at 30**C. The starting pH of the 
5 culture medium was adjusted to 7.4. Since L lactis MG1363 produces lactic 

acid during the growth. pH 1$ declining as cell density increases. After 
approximately 3 hours of growth, pH was reduced to 6 and this level was 
maintained by a pH-controlled intake of 2 M KOH for another 8 hours until the 
cell density was approximately ODgoo = 8. A 50% glucose solution was added 
10 in parallel with the base since this tends to Increase the bacterial yield. 

Bacterial cells were removed from the culture-supernatant (containing 
exported protein) by ultrafiltration with a Pellicon 2 Durapore filter (PVDF, 
0.22 pm, 0,1 m2) (Millipore®). Culture-supernatants were eittier used 
immediately or stored at -20 ^C. 

15 2.A.4. Purification of recombinant proteins 

Cell-free culture-supernatants were concentrated on a Miillpore Labscale™ 
TFF System installed with a Pellicon XL Biomax 8 filter (Polypropylene- 
membrane. 50000 Da, 50 cm^) and concentrates were buffer exchanged to 
20 mM Bis-Tris (pH 6.4) on a Sephadex G'25 column (C26/40, 170 ml). 

20 Recombinant proteins were first purified on a 5 ml HiTrap Q Sepharose High 

Performance (Phamada Biotech®) column by applying a gradient of 0 to 1 M 
NaCi in column buffer at a flow-rate of 1 ml/min. Fractions (2 ml) containing 
the desired recombinant protein were pooled and dialyzed against 20 mM 
Bis-Tris (pl-i 6.4) and applied to a 5 ml IHITrap SP Sepharose High 

25 Performance (Phamacia Biotech®) column. The recombinant protein was 

eluted by a gradient of 0 to 1 M NaCI In cdlurtih buffer. GLURF ahd MSP3 
were eluted in single peaks whereas the hybrid was eluted in two peaks. 
Fractions (2 ml) containing the first peak of the GLURP-MSP3 hybrid protein 
were pooled and adjusted to 1 M (NH4)2S04 and further purified on a 6 ml 

30 Phenyl Sepharose High Perfomianoe (Phamacia Biotech®) by applying a 
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gradient of 1 to 0 M (NH4)2S04 in 20 mM Bis-Tris <pH 6.4) at a flow-rate of 1 
ml/min. Analysis of all fractions was perfomned by SDS-PAGE. Protein 
concentrations were measured by the BCA™ protein assay (Pierce, 
Rockfbrd. Illinois, USA). 

5 2.A.5. Immunization and purification of mouse IgG 

Thirty BALBc/CF1 mice (Klausen. Magnusson et al. 1994) female mice (7 to 
10 weeks of age) were randomly assigned to three groups. Two groups were 
immunized with 20 \ig of GLURP27^-MSP32i2i386 hybrid (gr7), or with a 
mixture of 15 pg GLURP25-512 and 5 pg MSP3212-380 (gr8) by Subcutaneous 

10 injections at the base of the tail, respectively; and the third group (gr9) 

received 15 pg GLURP25.512 injected at the base of the tail and 5 pg MSP3212. 
380 injected in the shoulder. Al! immunogens were emulsified in Montanide 
ISA720 and each mouse received three injections at 2-week intervals and 
was bleed on days 0. 14, 28 and 35. Total IgG was purified by (NH4)2S04 

15 precipitation and subsequent purification on DEAE-columns from pooled 

serum samples taken on day 35 from animals in the groups gr7, 8. and 9 and 
from pooled day 0 samples. 

2.A.6. ELISA and serum samples 

Enzyme-linked immunosorbent assays (ELISAs) were performed as 
20 previously described in detail (Theisen, Vuust et al. 1995). The coating 

concentrations of GLURP2s.5i2, MSP32i2^o. and GLURP27-5oo-MSP32i2^ 
were 0.5, 1.0 and 0.5 pg/ml, respectively. Serial dilutions of plasma from 
Liberian adults clinically immune to malaria. Danish donors never exposed to 
malaria (Theisen. Soe et al. 2000), and mice were tested on ELISA plates 
25 - coated witff-either antigen and the absortoance values^were plotted against 
the plasma dilutions. In order to compare anti-hybrid antibody responses with 
the respective anti-GLURP and anti-MSP3 antibody responses in different 
plasma samples the antibody titer was defined as the plasma dilution, which 
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gives an absorbance value of A492 = 1000 in the parallel portion of the 
curves. 

2.A.7. Competition ELISA assays 

Recombinant GLURp25^i8 and MSP32i2-38o and a mixture of these two 
5 antigens were added at various concentrations (3.2 x 1 0"® pg/ml to 1 00 ng/ml) 

to a pool of plasma from mice immunized with the GLURP-MSP3 hybrid 
diluted In 1.25% (w/v) milk powder in PBS. The plasma dilution used was 
adjusted to give an absorbance (A492) of approximately 2500. The antigen- 
antibody mixtures were incubated ovemight at 4''C and subsequently the 
1 0 reactivity to GLURP-MSP3 hybrid coated ELISA plates was detemiined. 

2.A.8. Indirect immunofluorescent Antibody (IFA) test 

IFA was perfomied as reported earlier (Bouharoun-Tayoun. Attanath et al. 
1990). Briefly, a thin film of RBCs containing predominantly schlzonts stages 
of P. falciparum NF54 were Incubated with serial dilutions of purified mouse 

15 IgG in phosphate buffered saline (PBS pH 7.4) for 30 min at 37X in a humid 

chamber. After washing with PBS, mouse antibodies were revealed with 
Alexa Fluor conjugated goat anti-mouse IgG (Molecular probe, USA) diluted 
1:300 in PBS. After washing the slide was examined under UV light. The 
endpoint titre was the highest dilution of the antibodies, which produce visible 

20 specific immunofluorescence. 

2.A.9. Direct inhibition (Dl) and Antibody Dependent Cellular inhibition 
(ADCi) assays 

Peripheral blood mononuclear cells were isolated from healthy European 
*>'ood donors without previous exposure to malaria; by density gradient 
25 separation on J PREP (TechQen<6>) and subsequently added to 96 wells flat- 

bottom culture plates (TPP®. Switzeriand). Each well was washed three 
times with RPiWI. thereby separating non-adherent mononuclear cells from 
the attached monocytes (2x10* monocytes per well). Mature schlzonts from 
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fast-growing synchronized in vitro culture of P. fyldparum NF54 were 
separated by floatation over 50% Plasmaget, diluted with fresh erythrocytes 
to a final haematocrit of 2% and a parasitemia of 0.5%. and then added to 
each well. Purified mouse IgG was dialyzed for 48 hours against RPMI and 
5 added to the wells at three different concentrations. The final volume in each 

well was adjusted to 100 pi with RPM\ supplemented with 0.5% Albumax. 
Similar cultures without Monocytes were performed In parallel to assess the 
Dl. In all experiments the following controls were run simultaneously on each 
plate: i) normal mouse IgG (NIG) from non-immunized mice to assess the 

10 nonspecific inhibitory components introduced during IgG purification, ii) 

human monocytes without mouse IgG to assess the nonspecific inhibitory 
effect of the monocytes, iii) immunized mouse- IgG without human monocytes 
to assess the direct inhibitory effect of antibodies, iv) purified IgG from 
hyperimmune African adults (Bouharoun-Tayoun, Attanath et al. 1990) as a 

15 positive control, and v) purified IgG from a pool of semm samples taken from 

the 30 animals before the first immunization as a negative control. After 48 
and 72 hours of growth, respectively. 50 \jl of RPMI supplemented with 0.5% 
albumax (GIBCO®). 100 U of penicillin and streptomycin per ml was added 
per well. After 96 hours of growth, parasitemia was determined by 

20 microscopic counting of more than 50,000 RBCs on Giemsa stained film. The 

specific growth inhibitory index (SGI) was calculated as follows (See, Singh 
et al. 2002): 

100 X {1 -[(percent parasitemia with monocytes and test antibody / percent 
parasitemia with test antibody without monocytes) / (percent parasitemia with 

25 negative control antibody with monocytes / percent parasitemia with negative 

control aritit>pdy without monocytes)]}. 

The direct inhibition of purified IgG (Dl%) on parasite growth, i.e., in the 
absence of monocytes, was calculated as : ((parasitemia of culture with 
neither antibody nor monocyte) - (parasitemia of test IgG without 
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monocyte))/ (parasitemia of culture with neither antibody nor monocyt ) x 
100. 

2.A.10. RP-HPLC analysis of GLURP and GLURP-MSP3 

Samples were analyzed on a HPLC system (Phamacia®, Sweden), using a 
5 Protein C4 column (VYDAC**, 214TP54, USA) in a Acetonitrile : H2O : TFA 

buffer system. Purified samples were diluted 1:2 in A-buffer (H2O + 0,1 % 
(wA/) TFA), applied to the column, and bound material was eluted with a 
linear gradiesnt (0-80%) of B-buffer (80 % Acetonitrile' + 0.1 % (w/v) TFA) over 
20 column volumes. Elution was monitored by absorption at 214 nm. Peaks 
10 were collected, vacuum dried on a HetoVac (Heto, Denmailc) and kept at 4°C 

until use. 

2.A.11. Maldl'Tof MS and Electrospray mass spectrometry 

Samples for peptide mass mapping for were cut out of a coomassie stained 
SDS-PAGE gel. Half a band (approx. 1 \xg protein) was washed, dried, 

15 reduced and alkylated with iodoacetamide before being digested overnight by 

modified trypsin (Promega, USA), essentially as described (Shevchenko, 
Wilm et al. 1996). The supernatant of the digest was applied to GELoader 
tips (EppendorfPS), Gemnany) packed with Poros 20 R2 reversed phase 
material (PerSeptive®, USA) and eluted with 0.8 pi of alpha- 

20 cyanohydroxycinnamic acid (20 pg/pl in 70% acetonitrile/30% water) directly 

onto the MALDI target (Kussmann. Lassing et al. 1997). Analysis was canled 
out on a PerSeptive Voyager STR (PerSeptive®. USA) operated in the 
reflector mode and the results were analyzed in GPMAW ver. 5.02 
(Lighthouse data®. Denmaric). Electrospray mass spectrometry (ES-MS) of 
" the intact prbteFri was ciai'ried but a Micromass QTOF (Micfbmasis®, UK) 
using a nanospray source. 

2.B. RESULTS 

2.B.I. Expression of glurp and IVISP3 in L. /actrs 
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PGR fragment enooding the g/u/pze-isoo and WSP^8-ii4o regions w re 
cloned side by side thereby creating an in-frame fusion between a vector- 
encoded signal-peptide and a GLURP27.5oo-MSP32i2^ fusion protein 
(pKBR11, Fig. 2). This hybrid protein contains two additional amino acid 
5 residues created by joining these glurp and M$P3 fragments. The plasmid 

was transfomied into L. lactis MG1363 and the resulting sfrain secreted the 
GLURP-MSP3 hybrid protein into the culture supernatant from where it was 
purified by sequential ion exchange on HiTrap Q and SP Sepharose columns 
followed by hydrophobic interaction chromatography on Phenyl Sepharose. 

10 Although these purification steps allowed us to remove most of the unwanted 

L. lactis proteins, it also became evident that the GLURP-MSP3 hybrid 
protein eluted as two distinct peaks from the Phenyl Sepharose column. 
Subsequent SDS-PAGE showed that these peaks contain protein band of 
approximately 140 and 143 kDa, respectively (Fig. 3A). When analyzed by 

15 immunoblotting both products were specifically recognized by antibodies to 

GLURP and MSP3 respectively, suggesting that the lower MW-band in lane 
2 may result from incomplete translation of the mRNA and/or from protease 
cleavage of the primary protein product in lane 1 . Both bands were excised 
for sequence identification using mass spectrometry. The sequence of a total 

20 of 16 tryptic fragments derived from the top band matched the GLURP and 

MSP3 sequences listed in Fig. 38, showing that the recombinant protein 
corresponds to full-length GLURP27-600-MSP3212-380 fusion protein, whereas 
the sequences of 28 tryptic fragments from the bottom band suggeste that 
this recombinant protein is derived from GLURP27.500-MSP3212-38O by 

25 proteolytic cleavage around residue 586 in the MSP3-region of the hybrid 

protein (Fig. 3B). The molecular mass of full-length GLURp27.5oo-MSP32i2-38o 
was 74950 Da (± 20 Da) as deteriiiiried by ES-MSrAssumirig that the 
recombinant protein contain the vector encoded amino acid residues A-E-R- 
S at the N-tennlnal end (Fig. 2), this molecular weight corresponds well to the 

30 predicted value of 74939. Thus, the GLURP-MSP3 hybrid protein in peak 2 is 

intact and contains the amino acid residues predicted from the nucleotide 
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sequence. Subsequent reverse-phase chromatography further showed that 
the full-length (peak 2) and truncated (peak 1) hybrid proteins eluted with 
different retention-time from a C4 column (Fig. 3C). 

For comparison, the Individual and /WSP3628-ii4o fragments were 

5 also cloned (Fig. 2, pKBR8 and pKBRIO) and the resulting recombinant 

proteins were purified to homogeneity by ion exchange (Fig. 3D, lanes 2 and 
3). 

2.B.2. Antigenicity of recombinant GLURP and MSP3 products 

The antigenicity of the recombinant proteins was evaluated by ELISA against 
10 IgG antibodies from 71 adults Uberlans clinfcally immune to malaria (Fig. 4). 

Serial dilutions of all plasma samples were tested oh separate plates coated 
with each recombinant protein and the antigen-specHic titer was detemiined 
as the dilution giving an absorbance of 1000. As expected, different plasma 
contained different amounts of GLURP and MSP3-specifrc IgG antibodies 
15 (Fig. 4A). In general, hybrid-specific antibody titers exceeded those recorded 

with the individual GLURP25.514 and MSP3 antigens (Fig. 4B and C) 
suggesting that the hybrid molecule provides an adequate presentation of 
GLURP and MSP3 antigenic determinants, respectively. 

2.B.4. Immunogenicity of recombinant GLURP and MSP3 products 

20 To detemiine whether the GLURP-MSP3 hybrid molecule is a superior 

immunogen compared to a mixture of the Individual GLURPz^m and 
MSP32ia-36o molecules, groups of BALBc/CFI mice were each immunized 
subcutaneously with the hybrid molecule in Montankle or with the individual 

... „ ^^^f^fss^^i* 3"^* MSP32i2^ proteins combined in either one syringe or 

55 injected separately at two different sites. Sera collected 35 days after the first 

injection, were tested for IgG antibody reactivity against GLURP and MSP3, 
respectively. While the m an GLURP-ELISA titer is only marginally higher in 
the hybrid group than in the other two groups, mean MSP3-ELISA titer is 4.3- 
foJd higher (Kruskal Wallis test, P<0.004) in the group receiving the hybrid 
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compared to the group receiving both MSP32i2-38o and GLURP25-si4 at two 
different sites (compare gr7 and gr9 in Fig. 5A). At ttie individual level, mice 
immunized with the hybrid reacted strongly with both GLURP and MSP3 
domains whereas mice immunized with a combination of two molecules 
5 tended to mount a predominant antibody response against either GLURP or 

MSP3. The anti-hybrid IgG antibodies are mainly directed against the 
GLURP-derived P3, P4, P11 , and S3 peptides containing known epitopes for 
human antibodies (Theisen, Soe et al. 2000); however peptides P5 and P9 
which do not contain such epitopes were also recc^hizred (l=ig; 5B). Whereas 

10 the GLURP and MSP3-specific IgG subclass pi-ofiles are similar for all 

vaccine fomiulations (Fig. 6C), GLURP-speclfic IgG antibodies use 
preferentially the Kappa light chain and l\/ISP3-specifio IgG antibodies 
preferentially the Lambda light chain. This difference in light chain was found 
for all GLURP or MSP3-specific antibodies whether raised against the hybrid 

15 or the mixtures of the individual molecules. 

The specificity of mouse antibodies to the hybrid was also analyzed by 
competition-ELISA (Fig. 6). It appears that antibodies to the hybrid are purely 
GLURP and MSP3-specific, since a mixture of soluble GLURP2S-514 and 
MSP32i2^ could completely inhibit the binding of anti-hybrid antibodies to 
20 immobilized GLURP27-500-MSP3212-380. Thus, the construction of a GLURP- 

IVFSPS hybrid molecule has not led to create new B-cell epitopes in the 
overiapping area. 

2.B.5. Reactivity of mouse anti-GLURP and anti-MSP3 sera with native 
GLURP and MSP3 

25 The imrnunc^enicity of the reoombinarit GLURP and MSP3 was also 

investigated by immunoblotting of parasite-derived proteins with sera from 
mice immunized with each of the three recombinant proteins, hybrid, 
GLURP2S514 and MSPSaia^so, respectively. As demonstrated in Fig. 7, 
plasma from mice immunized with GLURP2mi«, MSP3212-380. and the hybrid 
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recognized polypeptides of approxiinately 220,000 Da (lane 1). 48,000 Da 
(lane 2), and both (lane 3), respectively. 

2.B.6. Biological effect of the hybrid-induced antibodiea 

Since affinity-purified human antibodies to 6LURP and MSP3 can inhibit 
parasite growth in vitro in cooperation with human monocytes (Oeuvray, 
Bouharoun-Tayoun et al. 1994; Theisen. Soe et al. 1998; Theisen, Soe et al. 
2000) it was investigated whether anti-hybrid mouse antibodies had a similar 
effect. Total IgG was isolated from groups of mice/which had received the 
hybrid (gr7), or the individual GLURP25-514 and MSP32i2-380 molecules 
respectively. The three IgG solutions were adjusted to the same I FA end- 
point. I.e. the same degree of reactivity to parasite proteins to provide 
comparative data, and their effedt on parasite growth was determined. The 
three IgG suspensions all exerted a strong inhibitory effect in the presence of 
normal human monocytes whereas they only had a non-significant effect in 
the absence of monocytes (Table 3). The pre-bleed did not promote inhibition 
of parasite growth indicating that the observed ADCI-efTects are due to the 
presence of specific antibodies to GLURP and MSP3 (Table 3). There was 
no conelation between inhibitory effect and the IgG concentration (Table 3). 



IgG firom mice 


IFA titer 


IgG cottcentratio 


SGI (%) ± SD 


DI(%)±SD 


immunized with 


in a.s$ay 


assay (jtg /ml) 








30 


87 


58 ± 3 


0 


hybrid 


20 


58 


64 ± 5 


0 




10 


29 


63 + 10 


0 


GLURP 


10 


110 


63 ± 5 


0 




5 


55 


37 ± 3 


0 


MSP3 


10 


110 


57 ± 4 


0 




5. . 


.55 


. . 58 + 5 


.0... 


pre-bleed 


<5 


110 


20 ± 10 


10± 5 




0 


55 


8± 3 


I0± 5 



Table 1. Specific growth inhibition index (SGI) and direct growth Inhibition 
(Dl) of total IgG purified from serum pools of mice immunized with GLURP27- 
5arMSP32,2^o or the individual GLURP25-514 and MSP3212-380 molecules, 
respectively. The unspecific growth inhibitory effect oiF mouse IgG was 



10 
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measured with total IgG purified from the pooled pre-bleeds of all animals for 
comparison. Each IgG was tested in three different concentrations adjusted 
according to their IFA titer The corresponding IgG concentration is indicated 
for each assay. SGI and Dl values are the results of three independent 
5 assays. 

2.C. DISCUSSION 

Lactic acid bacteria have a long history of use in the production of fermented 
foods. However, their use in the phamnaceutical field as production hosts for 
recombinant proteins or as live delivery vehicles for administration of 

10 vaccines has only been initiated recently. The testing of neW vaccines and 

therapeutics continuously poses a challenge to the development of suiteble 
gene expression systems for heterologous protein production. The L lactis 
PI 70 based gene expression systems employed here has proved ideal for 
small-scale production of malaria antigens because: i) production yields are 

15 acceptable, as compared to other vectors ii") the products are biologically 

active without undesired modifications ill} the fermentation process is well 
established iv) the recombinant products are secreted and v) it offers a 
simple purification process with little protein degradation. The GLURP and 
MSP3 molecules have previously been expressed separately in E. coli with 

20 and without various affinity-tags (McColl, Silva et al. 1 994; Theisen, Cox et al. 

1994; Theisen, Vuust et al. 1995; Theisen. Thomas et al. 2001), however, 
these products were considered far less suitable for testing in human beings 
because host immune responses against the affinity-tag could occur and 
impede repeated immunizations. In addition, at least GLURP-RO was highly 

»5 unstable when produced without a fusion partner in E. coli (unpublished). The 

inventors have noted that the His-tag can also change the physical properties 
of the recombinant protein, making it less soluble In aqueous solution than 
the untagged version. 

In the present study, a chimeric malaria protein containing the 5'-end of P. 
0 falciparum glurp fused in frame to the 3'-end of P. fahiparum MSP3 as well 

as the individual GLURP and MSP3 domains was constructed in order to 
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identHy the main antigenic determinants on the hybrid protein. Each of these 
constructs gave rise to a major dominant full-length product and a lower- 
molecular mass band, which corresponds to degradation products. L. lactis 
contains a surface associated housekeeping protease, HtrA, which might be 
5 responsible for these smaller molecular-mass products. Inaotivation of the 

htrA gene leads to stabilization of several recombinant proteins produced and 
secreted by L l^ctis (Poquet, Saint et al. 2000; Miyoshi. Poquet et al. 2002). 
This might also be the case in this study and further investigations should 
include expression studies of the malaria antigens in an^htrA mutant straih. 

10 In L lactis the nascent recombinant proteins should be cleaved by leader 

peptidase I since they contain the predicted cleavage sequence Gln-Ala_Ala- 
Glu (http://www.cbs.dtu.dk/service$/SignalP/) thereby leaving the Ala-Glu 
amino acid residues attached to the N-terminal end of the mature protein. 
This prediction was confirmed by the excellent agreement between the 

15 theoretical and experimental molecular weights of the hybrid (74939 vs. 

74950 Da + 20 Da). In addition to the vector-encoded amino acids at the N- 
temiinal end, the hybrid also contains two residues (Arg-Ser) in the fusion 
junction between GLURP and MSP3. These amino acids however, did not 
form part of a novel B-cell epitope in the overlapping area since anti-hybrid 

20 antibodies generated in outbreed mice were exclusively directed against 

antigenic detenninants in the respective GLURP and MSP3 regions. 

The immunogenicity of the hybrid was studied in mice with Montanide used 
as the adjuvant since Montanide was used in recent clinical trials with long 
synthetic peptides derived from GLURP and MSP3, respectively. 

25 Immun'^ations with the protein-hybrid consistently generated a stronger 

antibody response against the individual GLURP and MSP3 domains than 
any other combination of the two molecules, thereby validating the value of 
the approach. The difference was most pronounced for the MSP3-specrfic 
antibody response suggesting that T cell epitopes located in the GLURP 

30 region provide help for B-cell epitopes in the MSP3 region. When the animals 
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were injected with a mixture of the two molecules in one syringe, ind'ividuai 
mice tended to mount a predominant antibody response against either 
GLURP or MSP3. In some animals GLURP was immuno<dominant whereas 
in other animals it was MSP3. This phenomenon was not observed, when 
5 GLURP was injected in one part and MSP3 in another part of the body 

suggesting that the concomitant presentation of a mixture of individual 
GLURP and MSP3 proteins to the same antigen-presenting cells may lead to 
competition. Whichever the underlying mechanism, the present data support 
the conclusion that the hybrid molecule provides a superior 'presentation of 
10 GLURP and MSP3 antigenic determinants compared to the individual 

molecules. This conclusion is also in agreement with the observation that the 
hybrid was more effectively recognized by naturally occurring IgG antibodies 
in clinically Immune African adults than the individual antigens. 

Antibodies raised against the hybrid reacted strongly with native parasite 

15 proteins by IFA and recognized parasite-expressed GLURP and MSP3 by 

immunoblotting analysis. The hybrid-specific antibodies did not inhibit 
parasite growth alone, however, when allowed to collaborate with human 
monocytes they proved strongly inhibitory in several independent ADCI 
assays. While there are many examples of mouse antibodies which can 

20 interfere with merozoite invasion of red blood cells (Thomas, Deans et al. 

1984; Pirson and Pericins 1985; Berzins, Perimann et al. 1986; Epping, 
Goldstone et aL 1988; Claric, Donachie et al. 1989; Blackman, Heidrich et aL 
1990), this study is the first report of a mouse IgG preparation, which act 
synergistically with human monocytes to inhibit P. falciparum parasite growth 

25 in vitro. The human Fcylla receptor is believed to be the primary trigger 

. molecule involved in. ADCI (BpuharounTTayoun, Oeuvray et aj, .1995),, This 
receptor exists in two different alloforms which are Icnown to be polymorphic 
with respect to the interaction with mouse IgGI (Parren, Wamierdam et al. 
1992). The GLURP and MSPZ specific mouse antibodies were mainly of the 

30 IgGI and lgG2b isotypes, two antibodies which bind well to the most 
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prevalent Fcylla receptor with arginine at position 131 (Pleass and Woof 
2001). This provides pre-clinicai indications that hybrid-specific antibodies 
generated by immunization mimic the ADCI-effect of naturally occurring 
human antibodies against GLURP (Theisen, Soe et al. 1998) and MSP3 
5 (Oeuvray, Bouharoun-Tayoun et al. 1994). respectively. 

The value of tfie hybrid strategy in humans was recently strengthened by 
immunoepidemiological studies in an Asian setting: besides confirming the 
strong statistical association between protection and both anti-GLURP and 
anti-MSP3 antibody responses, it further showed that in those rare 
individuals not responding to either antigen, a response to the other antigen 
was always present and associated with protection. Hence, when presented 
by the parasite, the antigenicity of the two molecules constituting the hybrid is 
complementary. 

The present example hence discloses a GLURP-MSP3 hybrid molecule, 
15 which i) is suitable for use in human clinical trials, il) Is more immunogenic in 

experimental models than the individual GLURP and MSP3 domains, and ili) 
can induce specific antibodies in mice which inhibit parasite growth in 
collaboration with human monocytes. 

Example 3 : in vivo passive transfer experiments of anti-GLURP and 
20 anti"MSP3 antibodies in an immunocompromised mouse model. 

Using the P. falciparum Hu RBC BXN Immunocompromised mouse model 
(Badell, E., C. Oeuvray, et al., 2000), the effect of several human affinity 
purified antibodies was studied in passive transfer experiments in vivo. 

As shown In Figures 8 tO" 12, anti-GLURP antibodiesr were effective at 
25 clearing the P. falciparum parasitemia (Fig. 11) whereas, In the same animal, 

antibodies to EBA^175 (Fig. 8). MSP2 (Fig. 9 ), and MSP1 (Fig. 10) had no 
beneficial effect, and antibodies to the AMA1 vaccine candidate had the 
opposite effect, i.e. increased the parasitemia (Fig 13). However, the effect of 



10 
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anti-GLURP antibodies is slower than that of anti-MSPS antibodies : 
clearance of parasitaemia in 4-5 days (Fig. 11) compared to 2-3 days, 
respectively (Fig. 8, 9 and 12). 

This study confimis, under in vivo conditions, by passive transfer of 
5 antibodies elicited in humans, the indications obtained under in vitro 

conditions in the ADCI assay. Since the results obtained by in vitro methods 
are coherent with the results obtained under in vivo conditions in the BXN 
mouse model, these results concur to confirm the validity of a combined 
malaria vaccine associating GLURP and MSP-3, since both antibodies have 
10 a profound effect on P. falciparum. 
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